This work is devoted to the study of optical properties of the elpasolite Cs 2 NaAlF 6 with 0.1, 1.0, 3.0, 10.0, 30.0 and 50.0% of Cr 3 þ ions. The interest in this system lies on the fact that it presents a high quantum yield in the visible and infrared regions and therefore can be considered for laser applications. The photoluminescence and excitation spectra were obtained at 5 and 300 K, while the absorption spectra were measured at 300 K. The spectra at 300 K show broad bands attributed to the Cr 3 þ ions in two non-equivalent sites, both of them with octahedral coordination, while at 5 K we can observe the vibrational modes of the [CrF 6 ] 3 À complex. The ensemble of our results lead us to conclude that the material has potential applications as a lasing system.
Introduction
In the last years a growing interest in the development of new insulating materials doped with transition metals has been observed, leading these materials to be applied in a wide range of fields, for instance, as signal transmission [1] , displays manufacturing [2] , tunable solid state lasers at room temperature [3] , optical sensors [4] , electroluminescent and thermoluminescent devices [5, 6] , broadband amplifiers [7] , radiation detectors [8] , white-light emission sources [9, 10] and many other areas. These compounds also present very interesting optical properties, such as emission in a wide spectrum with high quantum yield, broad absorption bands and high emission intensity. These optical properties are originated from the coupling between electronic transitions and vibrational modes around the impurity ion. In materials doped with Cr 3 þ ion these broad bands are caused by the transitions between energy levels with 3d 3 electronic configuration [1] . In general, these systems are attractive because the transitions occur in the visible and infrared regions, if the ions are in octahedral sites [1] , or only in the infrared region, if ions are in tetrahedral sites [11] . As fluoride systems doped with transition metals have these properties, they are promising materials for use in the applications mentioned above [12] [13] [14] [15] [16] .
When a Cr 3 þ ion is surrounded by ligand anions, its energy levels are modified by crystal field due to the potential generated by ligands at the Cr 3 þ position. Using Tanabe-Sugano diagrams [17, 18] these new energy levels can be well described. Thus, considering a low crystal field, the fundamental energy level 4 F splits into 4 A 2 (t Furthermore, transitions between states with the same spin multiplicity are allowed generating intense bands in the optical spectra, while transitions between different spin multiplicities are forbidden and associated with weak bands [19] . In addition, broad bands are produced by transitions between energy levels with different electronic configurations, while narrow bands are generated by transitions between levels with the same electronic configuration [19] e) levels generate narrow and weak bands. In this paper we have performed an extensive study of the optical properties of the elpasolite Cs 2 Na AlF 6 , complementing previous works of the other authors about the energy levels [20] , EPR experiments [21, 22] , absorption and emission [23] , and quantum efficiency of the system by photoacoustic spectroscopy [24] .
The system Cs 2 NaAlF 6 crystallizes in a hexagonal elpasolite structure, with lattice parameters given by a ¼6.176Å and c¼29.819Å, where the Na þ and Al 3 þ cations are octahedrally surrounded by F À anions [25, 26] . When doped with 0.5% of Cr 3 þ interesting optical properties have been reported [14, 23] . Considering the ionic radii and valence of Cr 3 þ (0.64Å), Na þ (0.98Å) and Al 3 þ (0.57Å) ions, it can be inferred that the replacement of Al 3 þ by Cr 3 þ ions is more likely [13] . Indeed, based on X-ray and neutron diffraction [27] and photoluminescence measurements for this system [14] , such assumption was confirmed. Moreover, it was shown that the incorporation of Cr 3 þ in Cs 2 NaAlF 6 induces local distortions, without however modifying the host structure, which possesses two nonequivalent octahedral sites of Al 3 þ that are occupied by Cr 3 þ ions [14, 21, 22, 27, 28] . As shown in Fig. 1 , one of these sites, hereafter called S1, is composed by (AlF 6 ) octahedral units linked to two (NaF 6 ) units by faces, while the other site, hereafter S2, is composed by one octahedron (AlF 6 ) connected to two S1 sites through corners [14, 21, 27, 28] . Neutron diffraction experiments realized with the 0.5 at% sample [27] showed that the metal-ligand distances between Al-F ions are 1.8189(5)Å and 1.8304(5)Å for S1 and S2 sites, respectively. Although some authors assume that the Dq parameter depends on R À 4.5 [29] [30] [31] , in this work we consider that the Dq value depends on R À 5 , where R is the distance impurity-ligand [17] [18] [19] . Nevertheless in both approaches, the site with the shortest metal impurity-ligand distance will present the strongest crystalline field. Therefore, we expect that when the Cr 3 þ ion occupies the S1 site, the crystal field intensity will be higher than on Cr 3 þ ion at S2 site. The aim of this work is to get insight on the evolution of the optical properties of the host system as a function of the Cr 
Material and methods

Samples
The samples used in this work were grown by hydrothermal method [14, 32] . Single crystals of Cs 2 NaAl 1À x Cr x F 6 with the nominal concentrations x¼0.001, 0.01, 0.03, 0.1, 0.3 and 0.5 were prepared. The fluorides were synthesized by a direct temperaturegradient method as a result of the reaction of aqueous solutions of CsF (30-35 mol%) 
Optical measurements
Luminescence and excitation measurements at 300 K were performed using a 1 kW Xenon lamp (with a monochromator) and a He-Ne laser (14 mW, 632.8 nm) as excitation sources, modulated with variable speed choppers (PAR 191 and SR-540). Emission scan were obtained using spectrometers 2061 McPherson and SPEX 1702. The signal was detected with photomultipliers (RCA 31034 and Hamamatsu R943-02). Lock-in (EG&G PAR 5209 and EG&G 5210) and a digital oscilloscope (Tektronix TDS 350) were used to acquire and process the signal. Absorption data were obtained with a CAM SPEC M 330 UV-vis spectrometer. Optical measurements at 5 K were acquired with an optical He flow cryostat Janis STVP-100. Moreover, from these spectra it is possible to obtain information of how the impurity concentration influences the luminescence. Therefore, the integrated intensity and band barycenter were extracted from the spectra and are shown in Fig. 3 . The decrease of the luminescence integrated intensity with concentration ( Fig. 3(b) ) is due to the photon absorption emitted by the Cr 3 þ ions to their first neighbors [33] . On the other hand, the shift of the maximum of the photoluminescence energy band to lower values (longer wavelengths) is noticed with the increase of the impurity concentration up to 10.0% ( Fig. 3(a) ). A similar effect was also observed in ZnAl 2(1À x) Cr 2x S 4 single crystals [34] . The observed phenomena can be explained of the following way: when the concentration increases the Cr 3 þ ions tend to be in closer proximity, and as a result the neighboring ions will tend to absorb the emitted radiation from each other. In addition, considering that from the Tanabe-Sugano energy level diagrams for d 3 configuration [17] [18] [19] , the energy of the 4 T 2 ( 4 F) state increases with increasing the crystal field parameter Dq, as already discussed in the Introduction, the transitions that occur at higher energy regions are assigned to the S1 site, while the transitions occurring in lower energy regions to the S2 site [14, 27] . As we can infer from neutron diffraction data from the 0.5% doped sample [27] , a difference of approximately 1% in the metal-ligand distance, between the S1 and S2 sites is observed. This small difference can be reflected upon the optical results, as will be seen later. In addition, from Raman data published for several concentrations [27, 35] , it is observed that the Raman active bands are the same for the whole concentration range, thus implying that not only the average but also the local crystal structure is maintained, and the assumption of different sites is valid in the whole concentration range.
Results and discussion
In a more detailed analysis of data presented in Fig. 2 , we note that the spectrum for the 0.1% sample has the broadest band. To better resolve this signal, further measurements at 300 K were performed, using the 632.8 nm line of a He-Ne laser. The result is shown in Fig. 4 . By maximizing the signal at the lock-in at 774 nm the black curve (full line) was obtained, while by minimizing the signal at 715 nm (green dashed line) and 825 nm (red dotted line) we obtained bands with a maximum emission at 779 and 719 nm, respectively. This photoluminescence signal indeed originates from two different Cr 3 þ octahedral sites. As the bands were not completely separated, we can argue that the transitions are strongly overlapped.
Using the time-resolved luminescence method, the t R radiative decay time (or radiative lifetime) was obtained. We observed that the luminescence decreases exponentially with the time for all samples, as typically seen on spectra of isolated impurities [33] . From these results we obtained t R ¼310(8) ms for the 1.0% sample and t R ¼181(4) ms for the 50.0% sample. A lower radiative time is related to a higher transition probability, and in turn to a lower symmetry. Therefore, the increase of Cr 3 þ concentration induces distortions in the sites occupied by Cr 3 þ ions. Moreover, as the non-radiative transitions become more competitive at higher concentrations, the intensity of luminescence decreases reducing radiative lifetime.
In an attempt to separate the emissions of the two sites, we performed excitation measurements in the high and low energy regions. The excitation spectra at 300 K are shown in Figs. 5 and 6 for all samples at 714 and 780 nm, respectively. It can be observed that all excitation spectra presented the same shape, typical of Cr 3 þ in octahedral site. However, the spectra with higher con- From the energy values of the transitions obtained from the excitation spectra at 300 K, we calculated the values of the crystal field Dq and Racah B and C parameters according to the next equations [33] for the 0.1% and 1.0% samples, where DE is the energy difference between 4 T 1 and 4 T 2 levels:
The obtained values at 714 and 780 nm excitations are showed at Table 1 . These values are characteristic of the Cr 3 þ ion in octahedral coordination, and the ratio Dq/B¼ 2.14 (714 nm excitation) and 2.19 (780 nm excitation) for the 0.1% sample indicates an intermediate crystal field, as seen in previous works [14, 23] . It was not possible to calculate the crystal field parameters for the other samples, due their low emission intensity. The values found for the parameters B and C, below the value for the free ion, 918 and 3850 cm À 1 , respectively [36] , indicate that the impurityligand bond presents a more covalent than ionic character. In addition, the crystal field parameter Dq is higher for the 714 nm excitation and the increase of the Dq value is an evidence of decrease of the impurity-ligand distance. However, is important to emphasize that due to the strong overlapping between the emission bands, the bands are reasonable approximations to distinct emissions from both inequivalent Cr 3 þ sites. Thus, the calculated spectroscopic parameters obtained are to be taken as mean values only. Considering the R À 5 dependence, as discussed previously, the site with the lower ligand impurity distance will be responsible for the emission in the high energy region for d 3 configuration, thus we can assume that the emission at 714 nm is assigned to the S1 site and the emission at 780 nm is due the S2 site. We can observe that the difference between the Dq values is small (about 1%). However, the difference between the distances metal-ligand for the sites is also about 1% (as mentioned early, from neutron diffraction data [27] ), reinforcing our assignments. Besides, based on calculations using the exchange charge model (ECM) [20] as well as in EPR experiments [21] we can infer that our assumption is correct. In [20] , using the spectroscopy data reported in [14] and from the exchange charge model (ECM), the crystal field parameters were successfully modeled to the energy level structure of the Cr 3 þ using two non-equivalent sites for Cs 2 NaAlF 6 .
The EPR data [21] reported on the existence of two non-equivalent sites, named M2 (labeled in our work as S1) and M1 (labeled by us as S2), and stated that the axial component of the crystal field at site M1 (our S2 site) is smaller than at site M2 (our S1 site).
Here we would like to point out that our interpretation can be extended to the full Cr 3 þ doping range because based on Raman data published for concentrations of 0.1, 0.5, 1.0 and 3.0 at% of Cr 3 þ [27, 35] , it was shown that the active modes are the same for this low-concentration range, thus implying that not only the average but also the local crystal structure is maintained. Besides, this conclusion is further supported by EPR results, another technique extremely sensitive to tiny changes in the structure of an impurity center, which further proved that the incorporation of Cr 3 þ in Cs 2 NaAlF 6 did not cause sizeable structural changes in the host lattice [21, 22] . Finally, analysis of the crystal field levels using the exchange charge model (ECM) [20] confirms that the assumption taken to explain our experimental findings is indeed correct. Now we turn to the discussion on the absorption spectra at 300 K depicted in Fig. 7 . In these spectra the two bands observed at 452 and 672 nm are associated to the 4 changes were seen in the shape or in barycenter of the absorption bands with the increasing of the doping level. However, an overlap of the emission and absorption bands was clearly noted. This fact induces an energy transfer between Cr 3 þ ions, leading to a lowering of the luminescence intensity at higher energy region, as observed in Fig. 2 . This overlapping can be associated with the shift of luminescence bands to lower energy regions when the concentration of Cr 3 þ increases.
The emission spectra of the sample with 0.1 at% of Cr 3 þ measured at 5 K with the 632.8 nm excitation is shown in Fig. 8 . In both spectra we can notice a broad band in the infrared region due to the 3À vibrational modes [12, 13, [37] [38] [39] [40] . In these experiments, we have used the phase-shift method [41] in order to identify the zero phonon transitions for both Cr 3 þ sites [13] . Fig. 8(a) shows the spectrum obtained with the zero phonon line maximized at 672 nm, and in Fig. 8(b) the spectrum was measured with the zero phonon line at 672 nm 1 (14870 cm
) minimized, Fig. 6 . Excitation spectra at 780 nm (300 K) of the Cs 2 NaAlF 6 with several concentrations of the Cr 3 þ ion. The identified transitions are labeled in the spectra.
Table 1
Calculated crystal field parameters for the 0.1% and 1.0% samples for emission excitations at 714 and 780 nm, at 300 K. The Racah parameter C was not calculated for the 1.0% sample because the corresponding transition was not identified in the 780 nm excitation spectra. 1 The energy of a transition is estimated by the wavelength where the transition occurs. In Spectroscopy, the relation between energy (E) and wavelength (l) is given by E (cm
where it is observed a new zero phonon line in a different position at lower energy (14250 cm
, 702 nm). However, as in this region, the 2 E and 4 T 2 levels are very close, the emission might also be attributed to a mixture between these levels [13] . Thus the multi-phonon nature of the sideband accompanying the zero phonon transition could be taken as a possible evidence of this overlapping, and may contain a significant contribution due the ), and associated to the S1 site (Fig. 4) , such a calculation yields a value of about 675 nm (14,803 cm ). This interpretation would also lead to the conclusion that the energy of the relaxed 4 T 2 state is larger for the higher energy emission than for the lower energy emission, in full agreement with our results as well. Without any doubt, the results present here are yet another evidence of twosite occupation by the Cr 3 þ impurity ions [13] .
Similar behavior was observed for the 1.0 at% of Cr 3 þ sample.
However, for the samples with doping above 3.0 at% of Cr 3 þ the zero phonon line is identified between 706 and 708 nm and related to the S2 site. By minimizing the signal at these wavelengths, no zero phonon line remains in the spectra. An explanation for this observation is that at the lower energy region may occur an energy transfer phenomena. As the lower energy absorption region (between 650 and 700 nm) is overlapped to the beginning of the emission region, the Cr 3 þ ion can absorb the energy emitted by Cr 3 þ nearest neighbors.
The vibrational modes for the Cs 2 NaAlF 6 :Cr 3 þ (0.1%) have been identified in the present work and are given in Tables 2 and 3 . Based on the assignment of the vibrational modes of the [CrF 6 ] 3À complex in similar compounds [12, 13, [38] [39] [40] 42] , the zero phonon line closer mode is identified as the t 2u (p) asymmetric bending mode, at 14,670 cm À 1 energy position (for S1 site) and 14,030 cm À 1 (S2 site), followed by the symmetric t 2g (p) bending mode at 14,630 cm À 1 (S1 site) and 14,010 cm À 1 (S2 site). For hexafluoride complexes the energy value from this transition is very close to its neighbor and its low intensity makes difficult its identification in the vibrational spectra [13] . The next observed mode is the asymmetric bending t 1u (p) at 14,570 cm À 1 (S1) and 13,930 cm À 1 (S2). The first stretching mode, the symmetric e g (s) is identified at the 14,430 cm À 1 (S1) and 13,790 cm À 1 (S2) energies, followed by a 1g (s) symmetric mode, at 14,350 cm À 1 (S1) and 13,710 cm À 1 (S2). Finally, the stretching asymmetric mode t 1u (s) is attributed to the transitions observed at 14,290 cm À 1 (S1) and 13,690 cm À 1 (S2). Assuming that the luminescence temperature quenching is only due to non-radiative decays in low concentration samples, 754 nm using the phase shift method [43] . At room temperature, these results bring a Cr 3 þ emission quantum yield at about 0.78.
The obtained decay time is an average value because at this wavelength there is a contribution in the emission spectra of both sites. The quantum yield for samples with high levels of doping can be not estimated due to the occurrence of transfer energy and non radiative phenomena.
Conclusions
Photoluminescence and excitation spectra obtained for single crystals of Cs 2 NaAlF 6 :Cr 3 þ doped with different concentrations show marked characteristics of Cr 3 þ octahedrically coordinated to F À ions at 300 K. Such feature is further validated by the low temperature luminescence experiments that exhibited broad spectra with several sharp lines, identified as vibrational transitions due to the [CrF 6 ] 3 À octahedral complex. Moreover, the appearance of two zero phonon lines at different energy positions in the 0.1 and 1.0 at% of Cr 3 þ samples can be related to nonequivalent Cr 3 þ octahedral sites. In fact, in the 0.1 at% of Cr 3 þ sample was possible to separate and identify the correspondent emission of both sites, where the higher energy band (at 719 nm) was identified as the site S1 emission, and the lower energy band (779 nm) was assigned to the S2 site emission. These assignments are supported by neutron diffraction, Raman spectroscopy, EPR measurements as well as by ECM calculations [20] [21] [22] 35] . However, as the concentration increases only the line at lower energy could be observed. Besides, due to the energy transfer phenomena, luminescence quenching, i.e., lowering of the integrated intensity, shift in the luminescence barycenter to lower energy regions as well as decreasing of luminescence lifetime were also observed, implying that the Cr 3 þ ions tend to absorbs the emission generated by his neighbors, and this effect is more pronounced when the doping level increases. In this way, the non-radiative phenonema become more important at high doping levels. Of more interest is the fact that based on the results presented here, we can infer to the 1.0 at% of Cr 3 þ doped sample a good impurity concentration for the generation of luminescence, due its high quantum yield. Assuming that the emission quantum yield at 5 K is 100%, we obtain a room temperature quantum yield for this sample of about 0.78; in other samples, such as Be 3 Al 2 (SiO 3 ) 6 :Cr 3 þ , this value is about 0.64 [44] , in a system similar to the present study, LiCaAlF 6 :Cr 3 þ the quantum yield is 0.54 [45] , and for the same system studied in the present work, but doped with 0.5% at Cr 3 þ this efficiency is 0.68 [24] . Therefore, this high quantum yield value shows that this system doped with low quantities of impurity ion can be considered an excellent candidate in future applications in lasing devices.
